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We discuss an anthropic explanation of why there exist three generations of fermions. If one
assumes that the right-handed neutrino sector is responsible for both the matter–antimatter asym-
metry and the dark matter, then anthropic selection favors three or more families of fermions. For
successful leptogenesis, at least two right-handed neutrinos are needed, while the third right-handed
neutrino is invoked to play the role of dark matter. The number of the right-handed neutrinos is
tied to the number of generations by the anomaly constraints of the U(1)B−L gauge symmetry.
Combining anthropic arguments with observational constraints, we obtain predictions for the X-ray
observations, as well as for neutrinoless double-beta decay.
INTRODUCTION
One of the most important outstanding questions in
modern particle physics is why the Standard Model con-
tains three generations of matter particles. In the every-
day world, it seems that only the first-generation parti-
cles (i.e. the electrons and the up and down quarks) play
crucial roles. In view of the simplicity of the fundamen-
tal laws of physics, the multiple generations of quarks
and leptons seem unnecessary. This question, succinctly
expressed by the famous quip of I. I. Rabi, “who ordered
that?”, uttered in connection with the discovery of the
muon, has been exacerbated by the discovery of the third
generation.
One possible answer to this question could come from
a fundamental theory which requires three generations
as a consistency condition. For example, such attempts
have been made in extra-dimensional models [1–3]. The
number of generations can also been related to consis-
tency conditions of discrete symmetries [4–6]. However,
such extra symmetries or extra dimensions remain hypo-
thetical.
In this paper, we will discus an anthropic explanation
for the family replication of fermions. As usual, for an-
thropic selection, we assume that the vacuum of the Stan-
dard Model can be realized with a different number of
fermion families. We will show that the three genera-
tions are minimal particle content required for existence
of life, assuming that both baryon asymmetry and dark
matter arise from the right-handed neutrino sector.
The existence of right-handed neutrinos is strongly
suggested by the measured small neutrino masses, which
are naturally explained by the seesaw mechanism [7].
Once the right-handed neutrinos with Majorana masses
are added to the Standard Model, the matter–antimatter
asymmetry can be explained by means of leptogenesis [8].
For successful leptogenesis [8], one needs at least two
right-handed neutrinos [9]. The third one can play the
role of dark matter realized as sterile neutrinos [10, 11].
This fulfils another necessary condition for the existence
of life, because structure formation on the relevant length
scales requires dark matter.
In this minimal scenario, in which no new low-energy
physics is admitted, the three generations of fermions
provide a minimal particle content consistent with the
existence of life. We will also see that cosmological se-
lection not only points to ng ≥ 3, but also narrows down
the mass range of the sterile neutrinos. Furthermore,
by imposing existing observational constraints, we de-
rive predictions for the dark-matter search using X-ray
telescopes, as well as for neutrinoless double-beta decay
experiments.
SEESAW MECHANISM
Before discussing cosmological selection, let us briefly
summarize the seesaw mechanism for ng generations of
the matter fermion in the Standard Model and nN Ma-
jorana right-handed neutrinos [7]. The Lagrangian re-
sponsible for the seesaw mechanism is given by,t
L = yαβ`Lαe¯Rβh+ λiαNi`Lαh† − 1
2
MRijNiNj . (1)
Here, h denotes the Higgs doublet, `Lα (α = 1− ng) the
ng generations of the lepton doublets, e¯Rα (α = 1 − ng)
the ng generations of the left-handed anti-leptons, and
Ni (i = 1 − nN ) the nN generations of the right-handed
neutrinos. The coefficients y and λ are the coupling con-
stants and M ’s are the right-handed neutrino masses.
Hereafter, we take a basis where the M and y are diago-
nal, i.e., MRij = MRiδij and yαβ = yαδαβ .
We assume that the right-handed neutrino mass is
generated as a result of spontaneous breaking of the
U(1)B−L gauge symmetry. Under this assumption, the
number of the right-handed neutrinos should be equal to
the number of the generations for the anomaly free con-
dition of the U(1)B−L gauge symmetry. Thus, hereafter,
we assume nN = ng.
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2By integrating out the heavy right-handed neutrinos,
the active ng neutrino masses are obtained as
(mν)αβ =
nN∑
i=1
λTαiM
−1
Ri λiβ v
2 . (2)
Here, v ' 174.1 GeV is the vacuum expectation value of
the Higgs boson.
STEP TOWARD ng = 2 : BARYON ASYMMETRY
To begin with cosmological selection of the number of
the generations, let us briefly review thermal leptogene-
sis. For now, let us assume that all of the ng right-handed
neutrinos are heavy with the lightest right-handed neu-
trinoN1. When the right-handed neutrino masses are not
degenerated, the generated baryon asymmetry is propor-
tional to the CP -asymmetry of the decay of N1,
ηB0 = nB/nγ ∝ 1 . (3)
1 = − 3
16pi
M1
(λλ†)11
Im[(λλ†M−1R λ
∗λT )11] . (4)
This immediately shows that baryon asymmetry requires
ng ≥ 2, since 1 = 0 for ng = 1 [9].1
Without the baryon asymmetry, the relic abundance
of the baryons in the universe after freeze-out is highly
suppressed. For such a small baryon density, disk frag-
mentation and star formation in a dark halo are, for ex-
ample, precluded [13].2 The Big-Bang Nucleosynthesis
with a scarce baryon density also results in a universe
with no atoms except hydrogen which could be detri-
mental for our existence. Therefore, for our existence,
we find that ng ≥ 2 is cosmologically selected if we rely
on leptogenesis as the origin of baryon asymmetry of the
universe.
STEP TOWARD ng = 3 : DARK MATTER
What cosmological selection may lead to ng = 3? For
ng = 3, we have the third right-handed neutrino which
is neutral under the Standard Model gauge group. Thus,
it is quite natural guess that the third right-handed neu-
trino plays the role of dark matter. If this is the case, we
can conclude that ng = 3 results from the necessity of
1 See also [12] for related discussion with a model with ng = 2.
2 In this paper, we are not trying to scan all the parameters for
cosmological selection but we only change one of the cosmological
parameter (here the baryon asymmetry) and fix all the other
parameters such as the dark matter density, the cosmological
constant, and the density perturbation as well as the Standard
Model parameters. For a more detailed analysis, see Ref. [13].
dark matter since dark matter is as crucial as the baryon
asymmetry for our existence.
The observed value of the dark matter to baryon den-
sity ratio
ξ =
ρDM
ρb
≈ 5.5
is lies in a special range. Tegmark et al. [13] show that
a combination of several requirements on structure for-
mation and galaxy formation bounds leads to the con-
straint 2.5<∼ ξ <∼ 102. The exact bounds depend on the
prior assumptions [13, 14]. At least in the case where one
fixes the size of the cosmological constant and the mag-
nitude of the primordial density perturbations, one can
show that bounds are robust. Unless ξ >∼ 1, the density
perturbations on the galactic scales are washed out by
Silk damping before the time of recombination. These
density perturbations can only survive if they are car-
ried by the dark matter, and that requires that the dark
matter density dominate over the baryonic density. If
there is too much dark matter, structure forms and goes
non-linear very early, before the matter-radiation equal-
ity, and the collapsing halos drag the radiation with the
baryons, leading to formation of black holes rather than
star systems.
Since dark matter is necessary for galaxy formation,
anthropic selection strongly favors theories with dark
matter candidates. In our assumed ensemble of theo-
ries (or an ensemble of vacua) with different numbers of
fermion generations, only ng ≥ 3 satisfy the anthropic
criteria. In such cases, one of the right-handed neutrinos
can be the dark matter.
Furthermore, the mass of the dark-matter sterile neu-
trino must be small enough to allow for (i) cosmologically
long lifetime, and (ii) acceptable dark matter abundance.
Interestingly, such a framework has been proposed
as “Split Seesaw” mechanism [15], where the two right-
handed neutrinos play curial roles in thermal leptogenesis
while the last one plays the role of dark matter. In this
model, the order of the magnitudes of the Yukawa cou-
pling constants λ and the right-handed neutrino masses
MR are assumed to be controlled by wave function fac-
tors of the right-handed neutrinos. Concretely, λ’s and
MR’s are given by,
λiα ∼ εi × λ˜ , (λ˜ = O(1)) ,
MRi ∼ ε2i × vB−L , (5)
where εi denotes the suppression factors from the wave
functions. Under this assumption, the light neutrino
masses in Eq. (2) is given by
(mν)αβ ∼
3∑
i=1
λ˜Tαiλ˜iβ
v2
vB−L
, (6)
where λ˜iα ≡ λiα/εi. The observed neutrino mass split-
tings, ∆m2atm ' 2 × 10−3eV2 and ∆m2sol ' 8 × 10−5eV2
3(see e.g. [16]), suggest vB−L ' 1015 GeV for λ˜ = O(1)
in the split seesaw mechanism. The closeness of vB−L
to the scale of Grand Unified Theory is one of the prime
feature of this model.
Now let us discuss whether the third right-handed neu-
trino is a good candidate for dark matter. In the follow-
ing, we take the mass diagonal base,
νs ' νR3 +
3∑
α=1
v
MR3
λ3ανα . (7)
First, let us discuss the lifetime of the sterile neutrino.
The sterile neutrino mainly decays into the three active
neutrinos via the above mixing. The lifetime is given
by [17, 18],
τνs ∼ 1.4× 1024sec
(
1 keV
MR3
)5(
10−5
θ2s
)
, (8)
where the mixing angle is defined by,
θ2s =
3∑
α=1
(
v
ms
λ3α
)2
=
v2
vB−Lms
3∑
α=1
λ˜23α (9)
' 0.3× 10−4
(
1015 GeV
vB−L
)(
1 keV
ms
) 3∑
α=1
λ˜23α .(10)
As a result, the lifetime of the sterile neutrino can be
much longer than the age of the universe of O(1017) sec,
with which the sterile neutrino can be a viable candidate
for dark matter.3
For the sterile neutrino to be an appropriate candidate
for dark matter, the abundance of dark matter should be
in an appropriate range. In the following, let us discuss
the relic abundance of the sterile neutrino.
A population of the sterile neutrinos can be produced
through non-resonant oscillations through the mixing to
the active neutrino, [10]. The relic abundance of the
sterile neutrino produced by this process is approximated
by [19],4
Ωsh
2 ∼ 0.12×
( ms
3.4 keV
)2( sin2 2θ3
10−8
)1.23
. (11)
Thus, for example, the observed relic abundance can be
explained for ms = O(1) keV and sin2 2θs = O(10−8).
In addition to the production via the non-resonant os-
cillation, the sterile neutrino is also produced from the
thermal bath of the Standard Model matter fermion via
3 From a view point of anthropic selection, dark matter with a
lifetime shorter than O(1017) sec might be acceptable, however,
one must still require τs > O(1) Gyr for the galaxy formation to
take place (assuming the fixed orders of primordial perturbations
and cosmological constant.
4 Here, we use the QCD transition temperature TQCD ' 170 MeV.
See also [20] for the estimation of the sterile neutrino abundance.
the U(1)B−L gauge interactions. Since the U(1)B−L
gauge interactions are approximated by dimension six op-
erators suppressed by v2B−L, this process is most efficient
at the reheating epoch after inflation. The resultant relic
abundance is given by [15],
Ωsh
2 ∼ 0.13×
( ms
5 keV
)( g∗
100
)3/2
×
(
1015GeV
vB−L
)4(
TR
5× 1013 GeV
)4
. (12)
Here, TR denotes the reheating temperature and g∗ de-
notes the effective degree of freedom of the massless par-
ticles at the reheating temperature. It should be noted
that the reheating temperature which provides the ob-
served dark matter density is TR = O(1013) GeV, which
is also appropriate for successful leptogenesis, TR &
1010 GeV [8].
Finally, the sterile neutrino is also produced via the
weak interaction through the mixing to the active neu-
trinos which is most efficient at the electroweak symme-
try transition. The relic abundance from this process is
roughly given by
Ωsh
2 ∼ 0.1×
( ms
5 keV
)( sin2 2θs
10−6
)
, (13)
for the sterile neutrino much lighter than the weak scale.
The relic abundance from this process is subdominant
compared with the one from the non-resonant oscillation.
The production of sterile neutrinos at the electroweak
scale can be enhanced if they couple to a Higgs singlet [21,
22]. The addition of such a singlet would represent extra
structure on top of the minimal split seesaw model we
consider.
The sterile neutrino with a mass in the keV range can
have a non-negligible free-streaming length (whose actual
value depends on the production scenario [11, 21, 23, 24]).
which affects cosmological selection of the sterile neutrino
dark matter because structure formation is suppressed on
scales smaller than the free-streaming length [25]. For
dark matter produced by non-resonant neutrino oscilla-
tions, this corresponds to the comoving length5
λFS ∼ 0.8 Mpc
(
1 keV
ms
)
. (15)
If the structures smaller than the tens to the hun-
dreds Mpc are erased, no mass structures go nonlinear
5 Here, we define the comoving free-streaming length by λFS =
2pi/kFS , where
kFS =
(
3a2H20ΩDM
2 〈v2〉
)1/2
. (14)
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FIG. 1. The parameter region of the sterile neutrino dark
matter which survives the cosmological selection. The red
shaded region is excluded where the lifetime of dark mat-
ter is shorter than O(1) Gyr which precludes the first galaxy
formation. The blue shaded region is excluded where no
mass structure in the universe goes into nonlinear, ms >
O(10−(1−2)) keV. The light-blue shaded region corresponds
to the too high dark matter density, Ωsh
2 > Ω0DMh
2 × 100.
We also show the contour plots of the corresponding value of
λ˜3.
in the universe, which precludes the galaxy/star forma-
tion. Thus, cosmological selection puts a lower bound on
the sterile neutrino mass around O(10−(1−2)) keV.
In addition, the sterile neutrino is fermionic dark mat-
ter, and hence, its phase space density is limited from
above. For the sterile neutrino whose distribution is given
by the Fermi-Dirac distribution, the upper limit on the
phase space density leads to a lower limit on the sterile
neutrino mass [26],
ms & 5 keV ×
(
q
5× 10−3
)1/3
. (16)
Here, q denotes the phase space density estimated from
the ratio between the mass density and cube of the ve-
locity dispersion σ [26]
Q =
ρ
σ3
= q
M/pc3
(km/sec)3
. (17)
Thus, for example, if we impose cosmological selection so
that the universe has at least the non-linear structure of
the size of the galaxy cluster (q = O(10−13), the sterile
neutrino mass should be larger than O(1) eV. This con-
straint is weaker than the one from the free-streaming
length.
Now, let us summarize the parameter region of the
sterile neutrino dark matter which survives the cosmo-
logical selection. In Figure 1, we show the surviving re-
gion on the (ms, sin
2 2θs) plane. The red shaded region
is excluded where the lifetime of dark matter is shorter
than O(1) Gyr which precludes the first galaxy forma-
tion. According to [13], we also exclude the region where
the dark matter density (in Eq. (11)) is larger than the
observed density, Ω0DMh
2 ' 0.12 by a factor of a hundred
since such a dense dark matter precludes the disk for-
mation of the Milky way type galaxies. In other region,
we require appropriate reheating temperature to provide
an appropriate dark matter density (see Eq. (12)). The
region with ms < 10
−(1−2) keV is also excluded where no
mass structure in the universe goes into nonlinear.
We conclude that the sterile neutrino dark matter,
which appears for ng = 3, survives the cosmological
selection. This, in turn, shows that the three genera-
tions can be a result of cosmological selection for the
necessary amount of dark matter. Furthermore, the
above argument of the cosmological selection does not
only lead to ng = 3 but also narrows the range of the
sterile neutrino mass range. Besides, if one tries to
avoid a severe fine-tuning in the split seesaw mechanism,
the Yukawa coupling λ3 should not be very small, (e.g.
λ3 > O(10−(2−3))), which predicts the mass of the sterile
neutrino in ms ∼ 10−2 keV–102 keV.6
OBSERVATIONAL CONSTRAINTS AND
PREDICTIONS
Let us juxtapose the observational constraints on the
sterile neutrino dark matter with those which resulted
from anthropic consideration (Fig. 2). First of all, the re-
gion where the dark matter density exceeds the observed
density is excluded. Various X-ray/γ-ray observations
also put constraints on the mass and the mixing angle of
the sterile neutrinos [27–35]. The phase-space considera-
tions of the dwarf spheroidal galaxies in the Milky Way
also exclude the sterile neutrino mass below 5.7 keV [26]
if all dark matter is produced from non-resonant neu-
trino oscillations.7 The constraint from Lyman-α for-
est also exclude the sterile mass below 2.5 keV [37].The
constraints from the phase-space density and the small
scale structure are weakened or eliminated in Split See-
saw model [15] or other models in which dark mat-
ter is produced at temperatures above the QCD tran-
sition [21, 22, 38], because the entropy production leads
to red-shifting of dark matter velocities. The dark mat-
ter can also be cooled by entropy production from decays
6 For a model which provides a small λ˜3, see [36].
7 In the parameter space of our interest, the sterile neutrinos are
dominantly produced at high temperature regions as given in
Eq. (12), and decouple from thermal bath immediately. Thus,
the dark matter momenta are red-shifted because of the entropy
production in the Standard Model which leads to a shorter free-
streaming length by a factor about 3. In Fig. 2, we show the
lower limit on the mass divided by this factor.
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FIG. 2. The same figure of Fig. 1 with the observational con-
straints overlayed.
of additional particles [24]. Those excluded regions are
shaded by gray.
Altogether, we find that the large portion of the sur-
vived parameter region has been excluded by the observa-
tional constraints. In addition, by disfavoring a severely
fine-tuned parameter region in the split seesaw mecha-
nism, λ˜3  O(10−2), we obtain a sharp prediction on the
sterile neutrino mass from around 2 keV to a few 10 keV.
Interestingly, this region includes ms ' 7.1 keV and
sin2 2θs ' 7 × 10−11 which can explain the X-ray line
signals at a photon energy of around 3.55 keV from var-
ious sources [39–41]. At this point, the existence of this
signal is still under debate (see e.g. [42]), which can be
settled by future X-ray telescopes such as ASTRO-H and
ATHENA.
As another interesting prediction, the allowed region
corresponds to slightly fine-tuned Yukawa coupling, i.e.
λ˜3 ∼ 10−2. Therefore, the contribution of the third
right-handed neutrino to the active neutrino mass is
highly suppressed, which leads to the lightest active neu-
trino mass of O(10−6) eV.8 For such a small lighter ac-
tive neutrino mass, the effective Majorana neutrino mass
for the neutrinoless double beta decay is predicted to
be mee ' 1 meV–5 meV for the normal hierarchy and
mee ' 20 meV–50 meV for the inverted hierarchy (see
e.g. [43]). The sensitivity of current experiments is at
the 100 meV level by using with fiducial ββ masses of
around 100 kg of Xe [44, 45]. Thus, for the inverted hier-
archy, it is possible to test the model by upcoming exper-
8 Here, we fix vB−L ' 1015 GeV and λ˜1,2 = O(1). If we allow
λ˜1,2  O(1) and vB−L  1015 GeV, the third right-handed
neutrino may have sizable contributions to the active neutrino
masses.
iments such as upgraded KamLand-Zen, SNO+, CAN-
DLES, and AMoRE. For the normal hierarchy, on the
other hand, the predicted effective Majorana neutrino
mass requires about hundred times larger detectors are
required to be tested.
CONCLUSION
We have shown that anthropic selection favors three
or more generations of fermions if one assumes that the
right-handed neutrino sector provides the baryon asym-
metry, via leptogenesis, and also the dark matter.
For successful leptogenesis, one needs at least two
right-handed neutrinos, while the third right-handed neu-
trino plays the role of (sterlie neutrino) dark matter. The
number of the right-handed neutrinos is tied to the num-
ber of generations of fermions in the Standard Model via
the anomaly cancellation condition of the U(1)B−L gauge
symmetry.
We also found that the mass of the sterile neutrino dark
matter is predicted to be in the range of ms ∼ 10−2 keV–
102 keV by cosmological selection and a requirement to
minimize fine-tuning. The existing constraints exclude a
large portion of the parameter space which survived the
cosmological selection, rendering a sharp prediction on
the mass and the mixing angle of the sterile neutrino.
Our scenario can be tested by future X-ray observations
and the searches for the neutrinoless double beta decay.
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